Abstract. In this work we investigate cosmologies with a time-varying gravitational constant, G(t), as an alternative to having a cosmological constant. Since, it is known in the literature that, in general relativity, having a variable gravitational constant breaks the conservation of energy unless further dynamical components are added, we consider a Newtonian approach, in which the energy conservation is ensured. We investigate whether these cosmologies are able to reproduce the cosmological acceleration without a cosmological constant, nor any other sort of dark energy fluid. After constructing the Friedmann-Lemaître equation for a late-stage, matter dominated universe by starting with Newton's second law, where G is taken as a function of time, we create specific models to test against cosmological observations. In this Friedmann-Lemaître equation we obtain a second gravitational constant, G * , related to the original G in the acceleration equation. For the tests we focus on the acceleration period and use low-redshift probes: type Ia supernovae (SNIa), baryon acoustic oscillations, and cosmic chronometers, taking also into account a possible change in the supernova intrinsic luminosity with redshift. As a result, we obtain several models without a cosmological constant with similar or even slightly better χ 2 values than the standard ΛCDM cosmology. When SNIa luminosity dependence on redshift is added, a model with a G exponentially decreasing to zero today can explain the observations. In the cases where SNIa are assumed to be standard candles, the observations favour a negative G at large scales to produce cosmic acceleration. We conclude that these models offer a viable interpretation of the late-time universe observations.
Introduction
The accelerating expansion of the universe [1, 2] is a widely accepted idea with a large amount of observational support (see e.g. the reviews [3, 4] and references therein). In the standard model of cosmology, ΛCDM, this acceleration is interpreted as a cosmological constant, Λ, which acts as the vacuum energy with positive energy density but negative pressure. However, the value of this constant is at odds with quantum field theoretical estimations of the vacuum energy, which creates the cosmological constant problem [5] . Moreover, on the observational side, there has recently been a debate in the literature about whether SNIa data (either alone or combined with other probes) can definitely prove the accelerated nature of the expansion of the Universe [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Therefore, it is reasonable to question this standard cosmological picture from both theoretical and observational perspectives.
In this work, we focus on cosmologies where the gravitational constant, G, varies in time, as an alternative to cosmologies with a cosmological constant. Having a time-varying gravitational constant is an old idea, dating back at least to Dirac and his large numbers hypothesis [18] . Accordingly, in the literature there are multiple ways of implementing such a variation. One popular way is to replace the gravitational constant with a dynamical scalar field evolving with time (and space). The most interesting feature of such scenarios is that the theory is then fully compatible with Mach's principle, giving a physical explanation to inertia. The most extensively studied relativistic models among these are the so-called Jordan-BransDicke (JBD) theories [19, 20] . These theories, and some of their extensions, have been confronted with observations for many decades, and very tight constraints have been put on them with solar system measurements. In particular, the original JBD model introduces a dimensionless parameter ω, which should naturally be of order unity, but is constrained to be larger than roughly 50 000 by solar system tests [21] . In order to overcome these solar system constraints, screening mechanisms can be added to these theories to separate their predictions in cosmological scales from the local observations (for a more detailed discussion of various screening mechanisms see [22] ). Similarly, in this analysis we also assume that our model is only valid at the cosmological scales, but not at small scales. We justify this assumption by the possible existence of a screening mechanism applicable in our case, but we will not attempt to detail this mechanism, as it is outside the scope of this text.
Another possibility for implementing a time-varying G is to consider the phenomenology of a variable gravitational constant directly in Einstein's equations. However, it is well known that the geometry of general relativity puts restrictions on the contents of the universe due to Bianchi identities, and these restrictions may break the usual conservation of energy in the case of a variable G [23] . For this reason, it is suggested [24] that a Newtonian approach may be more suitable for considering cosmologies with variable G, if adding other constituents to the universe in place of the gravitational constant is not desired. Newtonian cosmologies with varying G have previously been investigated [25] and, in spirit, could be considered similar to MOND theories [26] , which propose modifications to Newtonian dynamics in order to explain galaxy observations without dark matter. Various other aspects of Newtonian G(t) dynamics have also been studied in the literature [27, 28] . Following these, in the present paper we adopt a modified Newtonian approach instead of a relativistic one, while a general relativistic treatment will be carried out in a later work. The goal of this analysis is to know whether a modified Newtonian model with a varying G and without a cosmological constant or any kind of dark energy can fit the low redshift probes in a comparable way to ΛCDM.
In a similar way to an earlier analysis [25] , our starting point is a modified Newton's second law, where we take Newton's gravitational constant to be any well-behaved function of time (or equivalently of the scale factor a). We then continue by deriving the analogues of Friedmann-Lemaître equations. Once the main cosmological equations are obtained, we specify the G(t) models to test. We consider two different functions, an exponential and a power series G(t). We envision the latter as an expansion of some general function, centered around the present epoch since we want to focus on the late stages where the acceleration is relevant. This allows us to see the general late stage behaviour of G required in order to replace the cosmological constant. For the exponential function we try two different versions with positive and negative parameters. The model with positive parameter is intended to interpolate to a non-accelerating model today, such as the R h = ct cosmology [29, 30] (see also [31, 32] and references therein for analyses with this kind of models), while the model with negative parameter achieves a negative G at the late stage as an alternative to a negative pressure (w = −1) in the standard cosmological picture while remaining approximately constant in the early Universe.
As said before, in this work we focus on the low-redshift range, where a cosmological constant is relevant, leaving a possible generalization to the early Universe for future work. Accordingly, we compare the predictions of our models to low-redshift probes: type Ia supernovae, baryon acoustic oscillations, and H(z) measurements. Even though our screening assumption might, in principle, imply that SNIa will not be affected by a varying G, some influence is still possible, for example, due to imperfect screening inside dense matter (see for example Koyama et al. [33] for an imperfect Vainshtein mechanism inside stars). Moreover, there may be other justifications for adding a redshift dependence to the supernovae (see Tutusaus et al. [11] and references therein for previous analyses considering this redshift dependence). We account for these possibilities by allowing SNIa intrinsic luminosity to depend on redshift.
This paper is organized as follows: in Section 2 we present the derivation of our cosmological models for varying G functions using a Newtonian approach. In Section 3 we describe the different cosmological probes and data sets used in this analysis, as well as the methodology adopted to fit the models to the data. The main results of this work are presented in Section 4, and we conclude in Section 5.
Construction of the models
We start by envisioning Newton's second law being applied to a uniform, dust sphere of radius R and mass M = 4πR 3 ρ/3, with ρ being the mass density
where the dots represent the derivative with respect to the time coordinate. We assume the Universe to be isotropic and homogeneous, and therefore this equation could be written centered at any point. Let us now assume that Newton's gravitational constant depends on time, G = G(t), or equivalently on R. An integration with respect to R gives an energy relation,
where C is an integration constant (related in general relativity to spatial curvature [34] ). We can then obtain from the previous relation the modified Friedmann-Lemaître equation,
For simplicity, we can redefine the term inside the parentheses as another gravitational parameter, G * ,
With this definition, we essentially have two different gravitational parameters one, G, in Eq. 2.1 and another, G * , in Eq. 2.3. Defining now the scale factor a = R/R 0 , with R 0 the current value of R, one has the following Friedmann-Lemaître equations
with k = 2C/(R 2 0 c 2 ). It is also convenient to define a critical energy density
with G * 0 = G * (z = 0). We also introduce a density parameter Ω = ρ/ρ c . Because of mass conservation, we have R 3 ρ = cst., or ρ = ρ 0 /a 3 = ρ 0 (1 + z) 3 , with z being the redshift. Replacing these in Eq. (2.3) we obtain the final form of the modified Friedmann-Lemaître equation used in this work
The standard model is recovered if G(z) is constant and Ω Λ is added to this equation. We now consider two specific models for G(z) that are expressed, for convenience, as a function of the scale factor, a,
The first model is simply a Taylor expansion of G around the present (z = 0). It introduces a few parameters, G 0 , α 1 , α 2 , to be determined from the fit to observations. We stop the expansion at the second order since we have checked that going up to the third order does not help much in reducing the χ 2 , while we add unneeded extra parameters. Since G 0 cancels out in Eq. (2.7), it is not constrained by the background cosmological probes.
The second model is an exponentially changing function, which we separate into two different scenarios to investigate them independently; one withã positive and another withã negative. In this model we have G * = G ∞ exp(−a/ã) for the second gravitational constant. As discussed in the introduction, the former is designed to approximate the R h = ct cosmology while the latter is intended to consider the possibility of G exponentially dropping and changing sign at the late Universe.
As before, G ∞ is not determined by our calculations, since the cosmological probes used in this analysis are not sensitive to its absolute value. In this case, G ∞ is the value of G when z → ∞. Since our investigation only concerns the low-redshift range, we can assume G ∞ to be the value of G at any higher redshift not covered by our analysis.
Data and methodology
In this section we describe the cosmological probes and the methodology used in this work. Starting with the former, we consider late-time cosmological probes to constrain the parameters of our cosmological models, namely type Ia supernovae, baryon acoustic oscillations, and direct measurements of the Hubble parameter, H(z), from cosmic chronometers.
Type Ia supernovae
For the treatment of SNIa data we use the measurements and covariance matrix provided by the joint light-curve analysis of Betoule et al. [35] We obtain the observed distance modulus using the standardization method given by the authors,
In this equation, m, X, and C are the observed magnitude in the B-band rest frame, and the shape and colour standardization parameters for the different SNIa, respectively. These have been obtained in their analysis and provided in the public dataset. The remaining parameters, α, β, and M are nuisance parameters, common to all SNIa, that need to be determined together with the cosmological parameters from the fit to the data. The latter is the absolute magnitude in the B-band rest frame and, depending on the stellar mass of the host galaxy, it is given by an additional nuisance parameter ∆M ,
where M stellar is the stellar mass of the host galaxy. Additionally, we allow for the intrinsic luminosity of SNIa to change as a function of the redshift, as a consequence of an evolution of G, through an extra term in the standardization. This can be due to partial screening, as it is discussed before, or to some other unknown mechanism. To take these possibilities into account, we add a phenomenological evolution, to the such that µ SNIa = µ obs − m evo with,
where ǫ and δ are nuisance parameters to be determined from the fit to the observations. In considering these two parameters, we leave ǫ free, while we limited δ to be non-zero and positive to avoid degeneracy between M and m evo terms. We compare the observed distance modulus to the predictions of the corresponding cosmological model using the definition
where the luminosity distance d L is given by 5) and d M is the comoving distance for an expanding flat space, where flatness follows naturally from standard Newtonian mechanics.
Baryon acoustic oscillations
Baryon acoustic oscillations in the early universe create scales that are visible in the density distribution of galaxies. These scales can be measured using isotropic and anisotropic observations, and related back to cosmological quantities to constrain the parameters of a model. Isotropic observations measure the quantity D V /r d , with r d being the length of the standard ruler and D V given by
Anisotropic observations measure two quantities that relate to cosmological parameters, depending whether the observations are in the transverse or radial directions
Let us mention that, while r d is given by the comoving sound horizon at the end of the baryon drag epoch in the concordance model, it might have a different value for models differing from ΛCDM [36] . Therefore, in order to be as general as possible, and not delve into the physics of the early Universe, we consider r d to be a free parameter in our analysis and let the data choose its preferred value.
In this analysis we consider the measurements from 6dFGS [37] at z = 0.106, SDSS-MGS [38] at z = 0.15, BOSS DR12 [39] at z = 0.38, 0.51, 0.61, and eBOSS DR14 [40] at z = 1.19, 1.50, 1.83, as well as the Ly-α auto-correlation function [41] and Ly-α-quasar cross correlation [42] at z = 2.4. We take into account the covariances for the BOSS and eBOSS measurements, we consider a correlation coefficient of −0.38 for the Ly-α forest measurements, and we assume measurements of different surveys to be uncorrelated.
Due to the non-Gaussianity of the BAO observable likelihoods far from the peak, we replace the standard ∆χ 2 G = −2 ln L G for a Gaussian likelihood [43] by
where S/N stands for the detection significance, in units of σ, of the BAO feature. We consider a detection significance of 2.4σ for 6dFGS, 2σ for SDSS-MGS, 9σ for BOSS DR12, 4σ for eBOSS DR14, and 5σ for the Ly-α forest. Notice that some of these values are slightly lower than the ones quotes by the different collaborations in order to follow a conservative approach, and in case the likelihood becomes non-Gaussian at these high confidence levels.
Direct H(z) measurements
Direct measurements of the Hubble parameter as a function of the redshift can be obtained with a relatively new method called cosmic chronometers [44] . This method employs observations of passive galaxies to determine their relative ages and redshifts. Since
, this method provides us with the information about recent expansion history of the Universe, independently from cosmology. In our calculations we use H(z) measurements [45] [46] [47] [48] [49] [50] ranging from z = 0.07 to z = 1.965. We do not include the measurements obtained from BAO observations to avoid double counting.
Determination of the parameter constraints
In this work we follow a frequentist approach and minimize the standard χ 2 function to obtain the best-fit values for the parameters of our cosmological models
where r model and r data are, respectively, the vectors that include the model predictions and the observed values at each redshift, and C is the covariance matrix of the data. We assume SNIa, BAO, and H(z) measurements to be statistically independent, therefore their χ 2 values can be added together. We minimize this function using the iminuit library 1 of Python. It is an implementation of SEAL Minuit, which is a minimiser developed at CERN [51] . We fit the predictions of our models for the different observables to 789 data points in total, where 740 correspond to SNIa, 16 to BAO, and 30 to H(z) measurements. For the supernova observations we have four nuisance parameters given by α, β, M ′ , and ∆M , which are described in Section 3.1, and two extra nuisance parameters, ǫ and δ, when we account for the possibility of SNIa intrinsic luminosity evolution. Specific to our models with evolving G, in addition to the cosmological parameter Ω, we have one extra nuisance parameter,ã, for the exponential model and between one and two parameters, α 1 -α 2 , in the power series model. When considering BAO measurements we add two cosmological parameters to the analysis, H 0 and r d , as described in Section 3.2. Notice that these two parameters are completely degenerate when only SNIa and BAO data are taken into account. The introduction of measurements on H(z) breaks this degeneracy and allow us to constrain both parameters at the same time. Table 2 . Best-fit values of the cosmological parameters of the considered G(z) models.
Results and discussion
We present the χ 2 values for the tested models in Table 1 along with the flat ΛCDM results for comparison. The best-fit values of the cosmologically relevant parameters are given in Table 2 . We do not include the nuisance parameters for SNIa in these tables, since they do not change appreciably between the models and their small variations do not significantly contribute to the analysis. In Table 1 we can see most of the considered models are able to achieve lower χ 2 values compared to the flat ΛCDM case. The exceptions, model 4, the exponential with positive parameter and with SNIa luminosity evolution, and model 5, oneparameter power series without SNIa luminosity evolution, also have quite low χ 2 values with the exponential having comparable χ 2 to the standard model. We saw that, when considering the power series models, adding higher order terms than the second do not improve the fit, so they were not included in these tables. On the other hand, we rule out the exponential model with positive parameter without SNIa luminosity evolution (model 3), since this model has a high χ 2 , and we do not discuss it further. When we compare the χ 2 values of the equivalent models with and without SNIa evolution in Table 1 , we can see a slight improvement in each model when SNIa luminosity is allowed to vary as a function of the redshift. However, since the values of the parameter ǫ in Table 2 are compatible with zero within one sigma for models 2, 6, and 8, we can conclude that most of our models, with the exception of the positive exponential (model 4 in Table 1 ), do not necessarily require SNIa luminosity evolution in order to fit the data adequately. Therefore, in Figues 1, 2 and 3, we only present models 1, 4, 5, and 7. Similarly, when we include SNIa luminosity evolution to the ΛCDM model for comparison, it does not change the χ 2 , with ǫ being consistent with zero and, therefore, we do not present its results.
Turning to Table 2 , we see that the results of H 0 and r d are mostly comparable between different models. We note that the best-fit values of H 0 are smaller for the models that allow for SNIa luminosity evolution. Although not by much, given the error bars for H 0 , models 2, 6, and 8 are still consistent with their counterparts without SNIa luminosity evolution (models 1, 5, and 7), as expected since the SNIa luminosity evolution parameters are also compatible with zero. For the exponential with positive parameter (model 4) this situation is quite different and we can confirm the effect of SNIa evolution on H 0 by noting that this model predicts H 0 = 62.0 ± 1.46 km s −1 Mpc −1 , which is consistent with earlier results [11] . It is evident, therefore, that adding the luminosity evolution to SNIa tends to decrease H 0 , meaning that the speed of expansion implied by the cosmological data becomes lower.
There is a significant divergence in the literature between the H 0 measurements given by different sources and methods (for further discussion see [11] ). For instance, the Cepheid calibrated local observations provide H 0 = 73.48 ± 1.66 km s −1 Mpc −1 [52] . For ΛCDM, Planck collaboration obtains the value H 0 = 67.4 ± 0.5 km s −1 Mpc −1 [53] . Our calculations with zero or negligible SNIa evolution agree quite well with the Planck results and therefore are able to replicate a similar behaviour as the standard model, without having Λ. Additionally, our results are in agreement with the results given by BOSS Collaboration [54] as H 0 = 67.3 ± 1.1 using a cosmic microwave background calibrated distance scale of BAO and SNIa measurements, and the model independent estimate of Haridasu et al. [55] H 0 = 68.52 [55] , as well as r d = 147.4 ± 0.7 Mpc, obtained from cosmic microwave background constraints using Markov Chain Monte Carlo method by Verde et al. [56] .
As discussed previously in Section 2, the actual value of G is proportional to a coefficient (G 0 or G ∞ ) in Eqs. (2.8-2.9). However, these coefficients cancel out in Eq. (2.7), which we use to fit the data. For this reason, it is necessary to use additional arguments in order to determine the exact value of G. However, without making any additional assumptions, we can obtain the sign of these coefficients using 1) and requiring that the energy density of matter is positive, meaning that the sign of Ω and G * 0 should be the same for any of the models, since we can compute G * 0 /G 0 for the power series models and G * 0 /G ∞ for the exponential models using the best fit values. From Table 2 we see that both considered exponential models (models 1 and 4) have Ω > 0, and that one-parameter power series (model 5) has Ω < 0 and two-parameter power series (model 7) has Ω > 0, implying a positive G * 0 for the models 1, 4, and 7 and a negative G * 0 for the model 5. Since we calculate a positive G * 0 /G 0 for the one-parameter power series and negative for the two-parameter one, while both exponential models have G * 0 /G ∞ = exp(−a/ã) strictly positive, we conclude that G ∞ is positive for both of the exponential models, and G 0 for the power series models turns out to be negative, which means that, with the exception of the exponential model with positive parameter, all of our models predict G to be negative at the present epoch. This, of course, contradicts laboratory and Solar System experiments, but, at the phenomenological level we consider, this only implies that it is indeed necessary to have a screening mechanism to reconcile the cosmological and local scales in order to fully embrace these kind of models. However, detailing such a screening mechanism is beyond the scope of this work. Figure 1 and 2 show the normalised evolution of G, and G * , respectively, as a function of redshift. We present in the top panel the negative exponential model (model 1 in Table 1) , the positive exponential model (model 4 in Table 1 ) in the second panel, and the power series models with one and two parameters (models 5 and 7 in Table 1 ) are shown in the third and the bottom panels, respectively. The red lines in these figures show the variation of −G/G 0 , or G/G ∞ , and G * /G * 0 as a function of redshift using the best-fit values obtained from the fit to the cosmological data sets used in this work, while errors are shown as green bands. These bands are drawn by randomly generating values for the parameters from Gaussian distributions centered at the best-fit values and width determined by the obtained standard deviations. We then select only the G(z) reconstructions whose ∆χ 2 (compared to the bestfit χ 2 ) is smaller than one. We present the power series models in the bottom two panels of Figure 1 with the normalisation −G 0 , to emphasize that G 0 is found to be negative for these models. Likewise, y-axis of Figure 2 is given by G * /|G * 0 | in order to emphasize the models with G * 0 < 0. One interesting feature of our calculations is the appearance of two cosmological constants, G and G * , appearing in the two Friedmann-Lemaître equations, Eqs. 2.5. In fact, this is a general feature of the variable G models. Even though we essentially modified the first equation of 2.5, and used this to derive the other, in the literature the phenomenology often adopted is modifying the gravitational constant is directly in the second equation, i.e. G * is taken as the gravitational constant (as in [57] , for instance). Then, if G * increases sufficiently rapidly in time, it is possible to obtain an accelerated expansion in the Universe. Indeed, taking time derivative of Eq. 2.7, we obtainä =
. Therefore, if a −1 G * is increasing at the late stages,ä will be positive, implying accelerated expansion. Also, since G = − d da (a −1 G * )a 3 , G will become negative for the same condition. This is also evident in Figure 2 , since G * 0 are positive for both of the exponential models and the two-parameter power series model, we can see that G * never becomes negative for these models, even though G is negative for the models with accelerated expansion.
On the other hand, even though we derive our equations in a Newtonian framework, the analysis in this work would still be valid under a different theory, provided that the dynamics for the late stage expansion are analogous to Eq. 2.7. We can assume an underlying higher order theory that gives Eq. 2.7 with negative G in large scales while reducing to the usual general relativity in small scales, or high density regions. As an example of a similar situation, in conformal gravity, high level of symmetry of the Robertson-Walker metric may cause cosmological gravity to decouple from the gravitational constant of the local scales, which are, in contrast, governed by low-symmetry metrics, and spontaneous breaking of symmetry can lead to a negative G in the cosmological equations while the usual gravitational interactions are preserved locally [58] . Figure 3 displays the behaviour of the expansion rate of the Universe for the same models shown in Fig. 1 and 2 along with ΛCDM, in blue, for comparative purposes. Additionally, the minimum points of the y-axis in this graphs provide the transition redshift. The first panel shows the negative exponential model (model 1 in Table 1 ) to behave very similarly to the standard model, transitioning to the accelerated expansion at z T = 0.69 ± 0.004, while the power series model with one parameter (model 5 in Table 1) shows an earlier transition, at z T = 0.86 ± 0.017. The two-parameter power series model (model 7 in Table 1) shows almost the exact same expansion rate as ΛCDM after z ≈ 0.35 but it differs to a larger degree in higher redshifts than the one-parameter power series model. This model shows an even later transition to accelerated expansion, at z = 0.54 ± 0.01. The presented error bars show the standard deviations of the transition redshifts of the green χ 2 < 1 bands in Figure 3 . These results are consistent with z T = 0.64
−0.09 , calculated from a model independent H(z) reconstruction [55] . Moresco et al. [45] give another model independent estimation of the transition redshift as z T = 0.4 ± 0.1 from the five H(z) measurements they provide. While our models have larger transition redshifts than this, our results are better compatible with their other result, also provided in the same paper as z T = 0.64 other cosmic chronometer measurements. One interesting quality of the exponential model with positive parameter and SNIa luminosity evolution is that this model does not show late-stage acceleration, as seen by the second panel of Figure 3 . Since the χ 2 for this model is also low (in Table 1 ), this indicates that, if SNIa intrinsic luminosity varies with cosmic time, low-redshift cosmological observations are consistent with non-accelerated dynamics, in agreement with earlier results [11] .
Moreover, we can see that there is a correlation between the acceleration of different models in Figure 3 and the behaviour of G * in Figure 2 . As discussed before, G * has to be increasing with time for the accelerated models, which corresponds to a negative G to drive the acceleration. Since these are also the models without the luminosity evolution of SNIa, this indicates that the acceleration is required by the late universe data if SNIa are assumed to have constant intrinsic luminosity.
Going forward, this study can be extended by the addition of further observations. Derivation of the equations for perturbations in the context of time-varying G would be needed for the probes sensitive to structure growth. Additionally, a relativistic extension would be required in order to consider the cosmic microwave background physics.
Conclusion
In this work we have shown that, without adding a cosmological constant, various Newtonian cosmologies with varying gravitational constant, G, are compatible with low-redshift cosmological data. A model with exponentially evolving G is shown to fit the low-redshift cosmological observations quite well when taken with a redshift dependent SNIa intrinsic luminosity. This model has positive gravitational constant, G, that decays to zero at late times, leading to a non-accelerated universe. Therefore, we see that a redshift dependence of SNIa can relieve the need for cosmic acceleration. The results for this model are also consistent with earlier analysis of R h = ct cosmologies.
On the other hand, another exponentially varying model for G is shown to fit the data in a similar way to the flat ΛCDM model. This model also has an almost constant G in high-z regime, which would likely allow to match the high-redshift observations. This model does not need a modification in the SNIa luminosity but requires a negative cosmological G value in the present to propel the acceleration.
When G is expanded as a second order power series around the present epoch, we have shown that a Newtonian cosmological model can have an accelerated expansion similar to the one created by a cosmological constant with a lower χ 2 value compared to the standard model. Even though this expansion is only accurate in the very low redshifts, we see that this model is able to adequately conform to the late Universe observations. Moreover, we show that the variable G models in general have two different gravitational parameters in the two Friedmann-Lemaître equations. We see that in an accelerated scenario, where SNIa are assumed to be standard candles, at least one of them has to be negative. Our calculations show this second gravitational parameter to be positive for both exponential models, as well as the two-parameter power series model, mentioned above.
These cosmologies only concern the late stage behaviour on large scales. Despite these constraints, we can say that they offer a viable interpretation of the low-redshift cosmological observations without explicitly requiring the introduction of a cosmological constant or dark energy.
